As animals mature from embryonic to adult stages, the skin grows and acquires specialized appendages, like hairs, feathers, and scales. How cutaneous blood vessels and sensory axons adapt to these dramatic changes is poorly understood. By characterizing skin maturation in zebrafish, we discovered that sensory axons are delivered to the adult epidermis in organized nerves patterned by features in bony scales. These nerves associate with blood vessels and osteoblasts above scales. Osteoblasts create paths in scales that independently guide nerves and blood vessels during both development and regeneration. By preventing scale regeneration and examining mutants lacking scales, we found that scales recruit, organize, and polarize axons and blood vessels to evenly distribute them in the skin. These studies uncover mechanisms for achieving comprehensive innervation and vascularization of the adult skin and suggest that scales coordinate a metamorphosis-like transformation of the skin with sensory axon and vascular remodeling.
INTRODUCTION
The vertebrate skin undergoes dramatic changes as animals develop from embryonic to adult stages. The epidermis grows from a simple mono-or bilayered epithelium to a stratified multi-layer epithelium, dermal vasculature elaborates, specialized sensory structures and dermal appendages appear, and the skin area greatly expands (Jenkins and Lumpkin, 2017; Johnson and Holbrook, 1989; Munger and Ide, 1988) . How these events are coordinated, and how nerves and blood vessels remodel to accommodate these dramatic changes in the skin, has not been well characterized.
The peripheral axons of somatosensory neurons distribute their endings throughout the skin to allow animals to sense touch and avoid noxious stimuli (Jenkins and Lumpkin, 2017) . Much of our understanding of somatosensory peripheral axon organization comes from studies of early development (Grueber and Sagasti, 2010; Wang et al., 2013) , but adult sensory neurons likely use different mechanisms to distribute innervation across the larger and more complex adult skin. In fish and amphibians, different neuronal populations innervate the trunk epidermis of embryos and adults. Rohon-Beard (RB) neurons in the spinal cord project peripheral axons that innervate the embryonic and larval skin, but these neurons eventually die. By contrast, adult skin is innervated by neural crest (NC)-derived dorsal root ganglion (DRG) neurons. In frogs, this RB to DRG transition occurs during metamorphosis (Hughes, 1957; Kollros and Bovbjerg, 1997; Lamborghini, 1987) , but its timing in zebrafish is controversial (Cole and Ross, 2001; O'Brien et al., 2012; Palanca et al., 2013; Patten et al., 2007; Reyes et al., 2004; Slatter et al., 2005; Svoboda et al., 2001; Williams et al., 2000) . The organization of peripheral axons of RB and DRG neurons fundamentally differs: RB peripheral axons do not form nerves, but rather project directly to the skin (O'Brien et al., 2012) ; DRG peripheral axons form nerve bundles with ensheathing Schwann cells, and associate with blood vessels (Mukouyama et al., 2002) as they project much longer distances to the skin.
Skin maturation in vertebrates is often accompanied by the appearance of dermal appendages, such as mammalian hair follicles, bird feathers, and fish scales. Despite their diverse forms, these structures are developmentally related, arising from dermal placodes that rely on the conserved ectodysplasin signaling pathway (Aman et al., 2018; Harris et al., 2008; Kondo et al., 2001; Sadier et al., 2014) . Teleost fish, including zebrafish, acquire cycloid scales, mineralized bony plates that separate the dermis from the epidermis, and are arranged along the trunk in an overlapping, shingle-like pattern ( Figure 1A ) (Sire and Akimenko, 2004) . Zebrafish scales form at $1-2 months of age, as fish transition from juvenile to adult forms ( Figure 1B ) (Parichy et al., 2009; Sire et al., 1997a; Waterman, 1970) . Associations between fish scales and somatosensory nerves have not previously been reported, but bones and nerves interact in other contexts. For example, cranial nerves signal to bone-forming osteoblasts during development to create foramina, tunnels through the skull that serve as conduits to the periphery (Akbareian et al., 2015) . Sensory neurons similar to cutaneous pain-sensing neurons profusely innervate long bones (Nencini and Ivanusic, 2016) as well as diverse, specialized bony dermal appendages, such as teeth, tusks, and antlers (Hildebrand et al., 1995; Weissengruber et al., 2005; Wislocki and Singer, 1946) .
How cutaneous axons and vasculature accommodate the appearance of fish scales in the skin has not been described. Here we report the discovery that scales coordinate the transition from RB to DRG skin innervation, promote innervation and vascularization of the adult skin, and determine sensory nerve and blood vessel polarity, organizing nerves and vessels into evenly spaced channels that ensure their uniform distribution throughout the maturing skin.
RESULTS

Innervation of the Scale Epidermis Requires the Neuregulin and Wnt Pathway Proteins Erbb3b and Adgra2
To study adult skin innervation, we first surveyed transgenes and antibodies previously reported to label larval somatosensory neurons for peripheral axon labeling in adults. We thus identified several markers that label axonal free endings in the stratified epidermis above scales ( Figures 1C, 1I , and S1A-S1D) (Kucenas et al., 2006; Metcalfe et al., 1990; Palanca et al., 2013; Pan et al., 2012; . These reporters also labeled DRG cell bodies and nerves projecting toward the periphery (Figures 1E and S1E) . Examination of NC-derived cells with a previously reported transgenic lineage tracing strategy : Cre); Tg(ubb:GswitchR) ) (Kague et al., 2012; Mosimann et al., 2011) confirmed that the adult epidermal axons labeled by these reporters belong to DRG neurons ( Figures 1D, 1F, and 1H) . Notably, all of these reporters revealed that DRG axons entered adult scales in strikingly organized bundles (arrows in Figures  1G, 1H , S1A, and S1D).
To determine if adult DRG neurons innervating the skin share developmental requirements with larval DRG neurons, we examined the scale epidermis in mutants of the Wnt7 co-activator Adgra2 (adgra2
, hereafter adgra2 À/À ), and the Neuregulin receptor Erbb3b (erbb3b st48/st48 , hereafter erbb3b À/À ) Vanhollebeke et al., 2015) , which are required for larval DRG neurogenesis and NC migration, respectively (Bostaille et al., 2017; Honjo et al., 2008; Malmquist et al., 2013; Vanhollebeke et al., 2015) . erbb3b mutants have also been reported to lack innervation of the adult trunk (Honjo et al., 2011) . In adgra2 À/À adults, the expression of a reporter for nociceptive (pain-sensing) neurons (Tg(p2rx3a>mCherry) ) was completely absent from the trunk epidermis ( Figure 1J ). However, staining isolated scales for acetylated tubulin (acTubulin), which detects all axons, and examining the NC lineage reporter, revealed that adgra2 À/À scales are consistently innervated by a few NC-derived neurons that innervate basal strata of the epidermis ( Figures S2K-S2O ). In erbb3b À/À adults, most scales completely lacked innervation, as verified by acTubulin staining, but some DRG neurons were spared at all stages and innervated a few scales sparsely in adults . These results indicate that, as in larvae, Erbb3b and Adgra2 are required for the development of most skininnervating adult DRG neurons, and Adgra2 is required for all p2rx3a expression in DRG neurons.
A Transition in Skin Innervation Coincides with Scale Formation
Since the axon bundles we noted in adult scales are not present in larvae, we reasoned that their appearance may reflect remodeling of skin innervation. To determine when these bundles first appear, we examined skin innervation during the transition from juvenile to adult forms, spanning the 12-18 mm standard length (SL) stages, a period of rapid scale growth (Figures 1B, 2A, and 2B) . The innervation pattern changed dramatically between 14 and 16 mm SL ( Figure 2C ). In contrast to the sparse, disorganized innervation at 12 mm SL, in scales isolated from older animals, axons were organized into regularly spaced bundles above the scale ( Figure 2C 0 ), suggesting that remodeling of skin innervation coincides with scale development.
To determine if the appearance of axon bundles correlates with the transition from RB to DRG skin innervation, we took complementary approaches to determine when RB innervation disappears and DRG innervation appears. To characterize when RB innervation is lost, we examined scales isolated from erbb3b À/À and adgra2 À/À animals. Since these fish have specifically reduced DRG innervation, loss of epidermal axons in these mutants likely reflects loss of RB innervation. Although the density of axon innervation in mutants and sibling fish was similar at stage 12 mm SL, innervation in adgra2 À/À and erbb3b À/À mutants was significantly reduced at 14 and 18 mm SL, respectively (Figures 2D, 2E, and 2G) . Superficial axon bundles failed to appear in mutant scales (Figures 2F and 2H) . These observations suggest that RB axon innervation of the skin is lost at late juvenile stages, after scale formation has initiated, and that scale-associated axon bundles do not belong to RB neurons.
To test directly when DRG innervation of the skin begins in wild-type animals, we imaged the NC lineage trace reporter, which marks DRG but not RB neurons. Prior to 12 mm SL, this reporter was robustly expressed in DRG soma but not in Figure S3A for timing of differentiation of club cells, a specialized cell type within the fish epidermis (Whitear, 1986) . *shown in this study; y based on (Guzman et al., 2013) ; z based on (Sire et al., 1997a) .
(C and D) Projections and orthogonal views through the epidermis of isolated scales. P, periderm; BC, basal cells. (E and F) Transverse sections through the mid-trunk. In this region, DRGs are located dorsal to the spinal cord (Weis, 1968 and osteoblasts (Tg(sp7:mCherry-nfsB)) (Singh et al., 2012) axons innervating the epidermis ( Figures S3A and S3B ). At $14 mm SL, DRG axons began extending along the scale surface in an anterior-to-posterior direction (arrowheads in Figure S3A ). These observations indicate that DRG axons innervate the scale epidermis as RBs are disappearing. Furthermore, pathfinding DRG axons are organized in bundles along the scale surface, suggesting that they may form scale-associated nerves, which have not been previously described. 
DRG Nerves Occupy Extracellular Matrix-Rich Tracts on the Surface of Scales that Form Independent of Neurons and Glia
To determine if scale-associated DRG axon bundles display hallmarks of peripheral nerves, we stained scales for the extracellular matrix (ECM) component laminin and examined markers of Schwann cells. As expected, laminin was associated with sensory axon bundles, but not with free endings in the epidermis (Figures 3A and 3B) , and was concentrated along the interface between the bundles and epidermis ( Figure 3B , inset). We identified a combination of previously described transgenic lines for NC lineage tracing :Cre);Tg(actb2: BswitchR)) (Kague et al., 2012; Kobayashi et al., 2014) that marked elongated cells resembling Schwann cells but was only weakly expressed in sensory axons themselves ( Figures 3C and 3F ). These cells were intimately associated with axons, as expected for Schwann cells ( Figure 3F 0 ), and migrated in tight association with axon bundles as they entered scales ( Figure S3C ). To confirm these observations, we performed transmission electron microscopy (TEM) on scales isolated from adult zebrafish. Within the epidermis, we identified individual axons with diameters similar to nociceptive axon free endings (area = 0.022 ± 0.015 mm 2 ; mean ± SD; n = 23), which were not obviously associated with ECM but were frequently ensheathed by keratinocytes (Figure 3D ), similar to RB peripheral axons in larval zebrafish (O'Brien et al., 2012) . Below the epidermis, but above the mineralized scale, axons formed periodic bundles that were ensheathed by nonmyelinating Schwann cells (Figures 3E and 3E 00 ). Electron dense extracellular material separated these axon bundles and several other cell types from basal keratinocytes ( Figure 3E 0 ). To determine if Schwann cells create the nerve-associated ECM, as they do in other peripheral nerves (Chen and Strickland, 2003; Lentz et al., 1997; Yu et al., 2009) , we stained for laminin in scales of mutants lacking Schwann cells. In mammals, nonmyelinating Schwann cell development requires Erbb3 signaling Riethmacher et al., 1997) . Similarly, erbb3b À/À adult zebrafish lacked Schwann cells ( Figures 3G  and 3H) . Surprisingly, the laminin pattern in these mutants was indistinguishable from controls ( Figures 3I and 3J ), demonstrating that neither DRG neurons nor associated Schwann cells are required to produce the ECM lining superficial scale nerves.
Scales Vascularize Independent of Sensory Nerves
Since blood vessels often interact with peripheral nerves (Makita, 2013; Mukouyama et al., 2002) , secrete ECM (Hallmann et al., 2005) , and have been observed along the scale surface , we wondered if they might create the ECM associated with nerves. By examining an endothelial reporter transgene (Tg(fli1a:EGFP)) (Lawson and Weinstein, 2002) , we found that microvasculature formed a stereotyped pattern along the scale surface and posterior scale margin ( Figure 4A , arrows and arrowheads, respectively). Vessels on the scale surface were strikingly congruent with superficial scale nerves, but dermal vasculature was not obviously associated with sensory nerves below scales ( Figures 4A and 4C ). Scale-associated capillaries consisted of two intertwined vessels expressing the tight junction marker Tjp1 (formerly Zo-1) ( Figures 4C, 4D , and 4F). Similar to capillary loops in human dermal papillae (Braverman and Yen, 1977) , one of these vessels was arterial ( Figure 4D ). Lymphatic endothelium occasionally associated with these capillaries ( Figure 4E ).
To determine when the vascular pattern appears, we examined trunk skin during late juvenile stages. By 14 mm SL, largecaliber vessels had entered the dermis beneath each scale, but capillaries only extended along the scale surface beginning at 18-19 mm SL ( Figures S4A-S4D ), well after the formation of superficial scale nerves ( Figure S4E ). The timing of scale vascularization suggests that blood vessels neither secrete the nerveassociated ECM nor guide nerves onto scales. To test if instead nerves guide blood vessels onto scales, we examined erbb3b
and adgra2 À/À scales but found that vasculature developed normally in the absence of axons . Thus, vascularization of the scale surface occurs after nerve formation but does not require nerves.
Scale Nerves and Capillaries Extend along OsteoblastLined Scale Radii To determine if other cells, or structures associated with scales, determine the pattern of innervation or vascularization, we examined how nerves and blood vessels relate to scale features. Capillaries were previously noted along radii , grooves in the mineralized surface that radiate from an anterior focus to the posterior scale margin Waterman, 1970) . Superficial scale nerves and capillaries were remarkably congruent with scale radii (Figures 5A, S5A , and S5B). This congruence was maintained in scales with deviations in the normal radial orientation of the grooves ( Figure 5B ), in scales from aged individuals with increased numbers of radii ( Figure 5C ), and in scales from different regions of the body, which have distinct scale morphologies and radial spacing ( Figure S6 ). Most radii were occupied by nerves, but only a subset of these had capillaries, demonstrating that nerves do not require associated vasculature for their maintenance ( Figure S6 ). Together these observations suggest that radii, or cells associated with them, pattern superficial nerves and vasculature.
Bone-producing osteoblasts have been proposed to initiate radius formation (Sire et al., 1997a; Waterman, 1970) , and bone-resorbing osteoclasts have been observed along radii (Sharif et al., 2014; de Vrieze et al., 2011) . Scale nerves formed normally in csfr1a j4blue/j4blue mutants (Figure S5C ), which lack most osteoclasts (Chatani et al., 2011) , indicating that osteoclasts are not required for radial morphogenesis. To image mature osteoblasts, we used a previously developed transgenic reporter ) and the antibody zns-5 (Johnson and Weston, 1995; Singh et al., 2012) . In addition to hyposquamal (below the scale) osteoblasts, we found that episquamal (above the scale) osteoblasts formed chains running along radii, tightly associated with superficial scale nerves ( Figures 5D, 5F , and 5G). Radial osteoblasts appeared early in scale growth ( Figure 5I ), consistent with previous studies (Sire et al., 1997a; Waterman, 1970) , and migrated from the posterior margin toward the focus. Osteoblasts were present along radii of erbb3b À/À adults ( Figure 5H ), demonstrating that they associate with radii independent of nerves. Because radial osteoblasts form prior to and independent of scale nerves, we wondered if they create the nerve-associated ECM. The laminin pattern in scales isolated prior to superficial nerve formation and vascularization closely mirrored osteoblasts (Figures S5D-S5F) . Basal epidermal cells contained intracellular laminin puncta, suggesting that they secrete ECM components (Figures S5F 0 and S5F 00 ). Variations from the radial pattern of laminin staining in adult scales were associated with osteoblasts ( Figure 5E ), consistent with the possibility that osteoblasts secrete or concentrate laminin along scale nerves.
Regenerating Axons Are Guided by Pre-existing Radial Tracts Given the close association between radial osteoblasts and sensory nerves, and the observation that osteoblasts co-localize with ECM before nerves enter scales, we hypothesized that radii guide nerves. To test if radii can serve as a template for regenerating sensory axons, we transplanted scales between adult animals ( Figure 5J ). Scale removal physically severs axons, causing their degeneration and rapid clearance from the detached scale. Upon transplantation, these denervated scales were robustly reinnervated along radii by regenerating host axons ( Figures 5K  and 5L ). Similar axon regeneration occurred along radii of scales transplanted from erbb3b +/À and erbb3b À/À animals ( Figures 5M  and 5N ). Thus, radii can guide regenerating axons whether or not they were previously innervated during development.
Osteoblasts, but Not Blood Vessels, Promote Reinnervation during Regeneration Since scale radii facilitate the entry of regenerating nerves into the epidermis, we hypothesized that scales are required for epidermal innervation. We first tested this hypothesis in the context of regeneration, since zebrafish scales robustly regenerate (Aman et al., 2018; Sire et al., 1997a Sire et al., , 1997b . In wild-type adults, following scale removal, scales and their associated sensory axons had significantly regenerated by 7 days post injury (dpi) ( Figure 6A ). The order of cell type assembly along radii during regeneration recapitulated the ontogenic sequence: osteoblasts and ECM appeared first, followed by sensory axons, then Schwann cells, and then vasculature.
To test the role of angiogenesis in scale and nerve regeneration, we induced scale regeneration in the presence of the vascular endothelial growth factor receptor (VEGFR) inhibitor, PTK787 ( Figure 6B ). In fish treated with this drug, scales regenerated and were re-innervated but never acquired radial vasculature ( Figures 6C, 6E , and 6F), confirming that blood vessels are required neither for the formation of nerves nor to maintain them for at least 3 weeks. Innervation density was mildly, but not significantly, reduced in the absence of angiogenesis (Figure 6D) , which could be due to direct or indirect effects of the VEGFR inhibitor on axon growth.
To test if scales are required for regenerating axons to reinnervate the epidermis, we used a previously established transgenic strategy to conditionally ablate osteoblasts prior to scale removal ( Figure 6G ). In this approach, the nitroreductase enzyme is specifically expressed in osteoblasts (Tg(sp7: mCherry-nfsB)) (Singh et al., 2012) . Treatment with the normally benign prodrug metronidazole (Mtz) causes cell-autonomous death of nitroreductase-expressing cells (Curado et al., 2007) . Mtz treatment alone unexpectedly reduced re-innervation, but, in animals with nitroreductase-expressing osteoblasts, Mtz treatment ablated osteoblasts, prevented scale regeneration, and reduced re-innervation further ( Figures 6H-6J and S5G ). Thus, osteoblasts and/or scales promote skin innervation during regeneration.
Scales Locally Organize and Promote Innervation, Vascularization, and Maturation of the Skin
To determine if scales are also required during development to establish the pattern of skin innervation or vascularization, we compared axon and blood vessel organization in wild-type fish and mutants with defective scale development. In wild-type animals, nerve and blood vessel polarity was reoriented from a primarily dorsal-ventral orientation below scales to an anteriorposterior orientation above scales ( Figures 7A, 7B, 7B 0 , and 7E 0 ; green and magenta traces in Figure 7E 00 , respectively). By contrast, in ectodysplasin A (eda nkt/nkt ) mutant animals, which completely lack scales ( Figure 7C ) , nerves and blood vessels were oriented primarily in a dorsal-ventral orientation ( Figures 7D, 7D 0 , S7A, and S7C). In fibroblast growth factor receptor 1a (fgfr1a spd/spd ) mutants, which have reduced numbers of scales , we occasionally found scales with reversed orientation: scales emerged from posterior to anterior, rather than the wild-type anterior-to-posterior pattern ( Figures 7E and 7F ). Within these reversed scales, the polarity of sensory axons was similarly inverted, demonstrating that scales dictate the axis of sensory innervation of the epidermis ( Figures  7F 0 -7F%).
Examining eda mutants revealed that, in addition to orienting nerves and blood vessels, scales promote vascularization, innervation, and skin maturation. The density of blood vessels near the skin was severely reduced in eda nkt/nkt mutants, indicating that scales not only induce the formation of capillaries above scales but also promote dermal angiogenesis below scales (Figures 7B 0 , 7D 0 , and S7B). Fine-caliber axons characteristic of epidermal free ending were also reduced in eda nkt/nkt mutant skin (insets in Figures 7B and 7D ), suggesting that scales target axons to the epidermis during development. Unexpectedly, the epidermis in these mutants lacked specialized features of adult skin, such as club cells, which release alarm signals in damaged skin, and breeding tubercles, male-specific, keratin-rich structures ( Figures S7D and S7E and data not shown) (Whitear, 1986; Wiley and Collette, 1970) , indicating that scales are also required for maturation of the skin.
To determine if signals from scales act locally or systemically to regulate innervation, vascularization, or skin maturation, we compared regions of non-squamated (''naked'') skin with regions of squamated skin in fgfr1a spd/spd mutants and heterozygous eda mutants (eda nkt/+ ), both of which lack some scales Rohner et al., 2009) , resulting in fish with patches of naked skin interspersed among squamated skin (Figures 7G and 7H) . Naked skin regions in both mutants had a dramatically lower density of epidermal sensory endings than neighboring squamated skin ( Figures 7G-7I ). Naked skin was also thinner and lacked club cells and breeding tubercles, whereas neighboring squamated skin was stratified and contained abundant club cells and breeding tubercles (Figures 7H 0 and S7F-S7J). Thus, scales signal locally to promote innervation, stratification, and the development of specialized cell types in the skin.
DISCUSSION
As embryos develop from embryonic to juvenile and adult forms, the skin undergoes dramatic growth and remodeling, requiring concomitant reorganization of the cutaneous blood vessels and sensory endings mediating touch (Jenkins and Lumpkin, 2017) . We report that, in zebrafish, a transition in skin innervation from RB to DRG neurons, is coordinated with the formation of bony scales. DRG peripheral axons are organized into nerves that associate with blood vessels along scale features called radii. Bone-forming osteoblasts pioneer these radial tracts, which independently guide both innervation and vascularization. Our findings uncover roles for scales in promoting and polarizing skin innervation and vascularization, and organizing nerves and blood vessels into regularly spaced patterns, thus ensuring their even distribution in the skin.
Sensory Remodeling Is Coordinated with Skin Maturation
We found that the loss of RB neurons, and the appearance of DRG sensory endings in the epidermis, occurs much later than previously thought; several weeks into development rather than a few days. Reports of early RB loss may reflect the loss of antigen or transgene expression used to observe them, or death of a minor subset of RB neurons, with many persisting until the onset of metamorphosis, similar to frogs (Kollros and Bovbjerg, 1997). Although the perception that RB neurons die during the first week of development persists, our results are consistent with reports indicating that RB neurons survive for weeks (O'Brien et al., 2012; Palanca et al., 2013; Patten et al., 2007; Reyes et al., 2004; Slatter et al., 2005) .
Our findings place the remodeling of skin innervation coincident with scale development and stratification of the epidermal epithelium. This apparent correspondence between the remodeling of skin and sensory endings is similar in other animals, like insects and amphibians, in which these metamorphic events are hormonally coordinated (Kollros and Bovbjerg, 1997; Yaniv and Schuldiner, 2016) . Scale formation, stratification, dermal vascularization, and sensory remodeling could each be independently regulated, but our results suggest that scales are required for the other processes, since the epithelium was thinner, vasculature was reduced, and innervation was sparser in naked skin regions of fgfr1a and eda mutants. Mammals do not undergo an obvious metamorphosis-like transition, but the skin undergoes dramatic growth, stratification, and cell type diversification during development. Although mammals are not widely thought to have RB neurons, similar embryonic neurons in the spinal cord have been described (Humphrey, 1944 (Humphrey, , 1947 (Humphrey, , 1950 Youngstrom, 1944) , raising the possibility that mammalian skin may undergo similar sensory remodeling. Osteoblasts Guide the Formation of a Bone-Associated Neurovascular Unit Nerves are pioneered by axons that sense guidance cues laid out by other cells. Vasculature and nerves are often associated with and guide each other in vertebrates (Makita, 2013) , but, in zebrafish, scales, nerves, and blood vessels form independently: nerves form before vasculature, but vasculature is unaffected by the absence of nerves. These observations suggest that other cells associated with scales lay down a path that guides nerves and endothelial cells separately. Indeed, we found that radial tracts in scales, built by osteoblasts, guide these cells. Since radii persist throughout life, they provide a mechanism not only for establishing the innervation pattern but also for re-establishing it when nerves are damaged and regenerate. Peripheral nerves also interact with bony structures during development. For example, optic and cranial ganglia nerves, together with associated blood vessels, restrict skull ossification to create holes called foramina (Akbareian et al., 2015) . In contrast to foramina development, in which nerves and blood vessels shape bones, we found that the mineralized pattern of bony scales determines the pattern of skin vascularization and innervation. Osteoblasts were the first cells we detected in a radial pattern. This observation suggests that osteoblasts either guide nerves and vessels or create an attractive environment for migration, perhaps by depositing a permissive ECM or concentrating guidance cues. Other bony appendages, such as antlers, tusks, and teeth, are also profusely innervated and vascularized (Hildebrand et al., 1995; Weissengruber et al., 2005; Wislocki and Singer, 1946) . Thus, investigating mechanisms of bonenerve interactions in scales could provide insight into the development of diverse appendages.
Scales Provide a Mechanism for Organizing Innervation of the Adult Skin
In larval flies, fish, and frogs, repulsive ''tiling'' interactions determine the arrangement of nociceptor innervation territories: sensory neurites grow until they are repelled by neighboring neurites (Frank and Westerfield, 1982; Grueber et al., 2002; Sagasti et al., 2005) . Although the tiling process can explain how sensory neurites achieve comprehensive coverage of simple larval epithelia, it is not obvious how this mechanism could accommodate the addition of new neurons as the skin grows. Moreover, stratification of the skin into a multi-layered epithelium creates a threedimensional innervation territory that presents a challenge to tiling. An alternative method for achieving even innervation of the skin would be to use regularly spaced nerve conduits, each accommodating a fixed number of axons, to funnel axons into epidermal entry points.
Scales, usually thought of as a protective armature for fish, were not previously reported to associate with somatosensory nerves, but their structure provides an elegant solution to the spatial problem of distributing innervation. Since scales themselves are organized in a repeating pattern, and radii within them are evenly spaced, they provide a mechanism for creating regularly spaced skin entry points, and associating each with a vascular supply. Scales also polarize axons by transforming a primarily dorsal-ventral nerve trajectory into an anterior-posterior trajectory. A consequence of this nerve polarization is that free endings emerge toward the ends of nerves, allowing denser skin innervation at the edges of scales than at their bases. This property suggests that scale edges may be more sensitive to touch, similar to mammalian fingertips (Mancini et al., 2013) .
The adult mammalian epidermis must also acquire even and comprehensive sensory innervation and the dermis must be vascularized. Although mammals do not have bony scales, it is possible that other patterned peripheral structures serve an analogous role in determining epidermal entry points and promoting angiogenesis. Scales are evolutionarily related to regularly spaced dermal appendages in other animal classes, like bird feathers and mammalian hair follicles, which all derive from dermal placodes and require ectodysplasin signaling (Aman et al., 2018; Harris et al., 2008; Kondo et al., 2001; Sadier et al., 2014) . We speculate that these other dermal placodes, or the structures derived from them, may also pattern epidermal innervation and promote dermal vascularization.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: . Green boxes, regions of magnification in lower panels. Red dashed lines, scale margins before and after removal. Blue dashed lines, margins of non-injured scales. Note that regenerating axons developed growth cones in the dermis at 1 dpi (arrowheads), sparsely innervated the epidermis at 2 dpi, and more extensively innervated the epidermis at 7 dpi. Transgenes: keratinocytes (Tg(krt4:EGFP)), axons (Tg(p2rx3a>mCherry) ) and endothelium (Tg(fli1a: EGFP) 
